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CONCRETE 
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3 The University of Belgrade, Faculty of Technology and Metallurgy 


ABSTRACT 


The effect of partial replacement of natural filler by ground waste sulfur originated from the oil 
refining process on fresh and hardened properties of self-compacting concrete was investigated. 
Properties investigated were slump flow, V-funnel, L-box, and sieve segregation of fresh concrete 
mixes; and compressive, flexural, and bond (pull off) strengths, dynamic modulus of elasticity, 
ultrasonic pulse velocity, dynamic Poisson’s ratio, specific electrical resistance, density, and 
microstructure of hardened concrete. Results showed a slight decline in compressive, flexural, and 
bond strengths and dynamic elasticity modulus with increased addition of sulfur. Specific electrical 
resistance and density were higher for samples containing sulfur. Also, scanning electron microscopy 
indicated a slight porosity increase of the samples containing sulfur. Having in mind that, in the case 
of waste valorization in concrete, all properties of self-placing concrete should remain within 
acceptable levels or improve, this study proved that mixtures containing ground sulfur as a partial 
replacement for filler can be used for structural applications. 


self-placing concrete (SPC); waste sulfur; fresh concrete properties; hardened 
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1. INTRODUCTION entrained air content and_ eliminate 


Self-placing concrete (SPC) presents one of 
the biggest achievements in the field of 
concrete technology, because of plentiful 
benefits that offer such are reduction in 
construction time, maximum freedom of 
design work, improvement in product 
quality, and working environment, etc. 

Modern trends in building materials 
include several approaches such are: 
acceptable physical and mechanical 
properties for specific applications, 
economic effects, durability, and ecological 
impact [1-3]. Conventional concrete (CC) is 
usually placed by vibration to reduce the 


cavities in contact with reinforcement and 
formwork. Very fine powders-admixtures 
are added to CC as fillers, densifiers, or to 
reduce water content. The development of 
super-plasticizers allowed easier installing 
of stiffer consistency concrete without 
vibrations leading to the concept of SPC 
that spreads into place, easily fills 
framework and seals, encapsulates or 
wraps even the most _ congested 
reinforcement without segregation. 

During the eighties of the last century, the 
problem of concrete constructions lifespan 
was very prominent and outstanding. The 


JST&M 1(2021), 1 - 12 1 


Viahovic et al. 


Waste sulfur as a partial filler replacement in self-placing concrete 


solution to this problem led to the 
development of SPC. Introducing the term 


SPC and initial investigations were 
originated from Japan in 1986 and 1988, 
respectively [4,5]. 


The most important advantage of SPC is 
the ability to flow into and fill spaces 
within the formwork under its weight 
while maintaining homogeneity during 
placement and compaction without 
vibration [1,6-8]. Its high flowability can be 
attributed to careful mix design, usually 
replacing much of the coarse aggregate 


with fines and cement, and adding 
admixtures. By excluding the vibration, 
segregation between solid and _ liquid 


phases is avoided, thus resulting in a less 
porous transition zone between the paste 
and aggregates and also higher 
compressive strength and_ durability, 
compared to CC. Installation without any 
vibration into the formwork of highly 
reinforced structures causes many benefits 
such are reduction in construction time, 
maximizing freedom of design work, 
improvement in product quality, and 
working environment. 

Some disadvantages of SPC are higher 
content of powdered components (< 0.125 
yum) and cement, and usage of chemical 
additives that increase cost and can lead to 
more pronounced sensitivity of SPC, 
meaning reduced robustness that demands 
more frequent quality control [9,10]. To 
overcome disadvantages, it is suitable to 
use inert or non-pozzolanic and hydraulic 
or pozzolanic materials in the form of 
waste and recycling materials as a 
replacement for binder, filler, and/or 
chemical admixtures which also provides 
huge environmental benefits [6,11-13]. 

The amount of available sulfur in the world 
has considerably grown during the last 
decades mainly due to the actual strict 
environmental regulations regarding the 
petroleum and gas refining processes, 
which limit the maximum content of sulfur 
present in combustibles. Extremely large 
quantities of sulfur are thus obtained as a 
by-product of these processes and stored 
leading to its more or less controlled 
disposal. The production of sulfur will 
continue to increase, thus assuring its 


continuous abundant 
availability. 

Therefore, the development of new 
applications of sulfur becomes of global 
relevance. It is necessary to consider 
alternative ways of sulfur valorization in 
the real process (large scale). 

Construction and _ building materials 
undoubtedly represent media that should 
be examined as potential acceptors for 
large quantities of wastes from various 
sources. The fact is that a wide range of 
hazardous waste can be inerted by their 
incorporating into usable construction and 
building materials. These materials come 
into the focus of interest when waste, 
industrial or municipal, gains increasing 
importance as a potential raw material. 
Modification of conventional building and 
construction materials is commonly 
realized using some of the secondary raw 
materials from various industrial 
processes. Generally, these materials and 
their products are important recipients of 
waste as long as they can provide complete 
immobilization without degradation of 
their basic properties [14]. 

Application of the principles of sustainable 
development in the construction industry 
is the motive for the adopted research 
concept in this study. The intention is to 
evaluate the usage of an industrial by- 
product, sulfur, as a mineral supplement- 
filler, in terms of its influence on the 
properties of SPC in the fresh and hardened 
state. 

An increase in the quantity of secondary 
sulfur for manufacturing SPC with a 
positive impact on the environment by 
reducing the amount of this waste material 
in landfills presents a desirable effect that 
should arise from this research. 

To the best of the knowledge of the authors, 
no information is available in the literature 
on the use of waste sulfur in the production 
of SPC. 

Considering the experience of the authors 
in the production of sulfur polymer 
concrete, the idea of this study is to 
synthesize and characterize SPC with 
sulfur from oil production as a _ partial 
replacement of usual filler, limestone, for 
application in certain construction parts 


supply and 
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[15-17]. Keeping in view the structural 
applications of SPC, this investigation has 
been planned to evaluate the properties of 
the samples made _ with different 
proportions of sulfur as partial replacement 
of limestone in comparison with the 
reference sample. The main goal is the 
consumption of waste sulfur, whereby it is 
not important to obtain a material with 
superior properties compared to the 
reference one, but to meet standards for its 
use as a construction material. 


2. EXPERIMENTAL 

This study compares properties of SPC 
mixtures with limestone as a_ filler 
(reference) and with waste sulfur which 
partially replaced limestone in various 
portions. 


2.1. Materials 

2.1.1. Aggregate 

Natural aggregate originated from the river 
Danube was separated and the following 
fractions were used for the synthesis of 
SPC: I (0/4), II (4/8), and III (8/16). Contents 
of small grains in fractions II and III were 
1.84 % and 0.94 %, respectively, while the 
contents of coarser grains in fractions I, II, 
and III were 196 %, 5.81 %, and 0 %, 


respectively. Fineness modulus 
(granularity modulus) for the fraction I was 
2.92 (being within the limits of 2.30-3.60, 
according to [18]). The fineness moduli 
(granularity moduli) for fractions II and III 
were 6.04 and 6.99, respectively. 

Content of fine particles in fraction I, 
determined according to the standard 
procedure [19], was 0.59 % (grains smaller 
than 0.063 mm) and 1.68 % (grains smaller 
than 0.09 mm) and content of coarse grains 
(larger than 4 mm) in fraction I was close to 
zero. Content of harmful and potentially 
hazardous materials in coarse and fine 
aggregate, investigated according to the 
related standard [20], was 3.8% of cherts 
(chalcedony) in fraction III. 

A mass ratio of fractions II and III was 
determined on a laboratory test that 
included the highest value of density for 
the mixture of these fractions in a dry 
compacted state. Consequently, the mass 
ratio of these fractions was adopted to be 
1. 

Content of fraction I in the aggregate 
mixture was determined based on the pilot 
mixtures and it was 31.8 % of SPC total 
volume. The particle size distribution of 
used aggregate is displayed in Figure 1. 


100 
S . i 
SS 90 —*— Fraction I (0/4) i 
bp | 
om &— Fraction II (4/8) 
4 80 + ; 
Ay 4~ Fraction III (8/16) 
70 +4 } 
Mixture (0/16) | 
60 
50 
40 
30 
20 
10 
0.125 0.25 0.5 2 4 8 16 


Particle size (mm) 


Figure 1. Particle size distribution of aggregate 
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2.1.2 Cement 

Cement without additives (CEM I 425R, 
Lafarge, Serbia) was used for the SPC 
synthesis. The chemical composition of the 
cement, tested by energy-dispersive X-ray 


Table 1. Chemical composition of cement (%) 


spectroscopy (EDS) analysis, is shown in 
Table 1. The physical and mechanical 
properties of the cement are given in Table 
2. 


CaO Si02 SO3 Al203 MgO Fe203 K20 Na2O TiO2 
61.64 21.21 6.37 4.81 2.13 1.11 0.33 0.18 
Table 2. Physical and mechanical sulfur was 2050 kg/m* and specific surface 

properties of cement area 2600 cm?2/g. 
Property Value 
Sieve 0.09 mm residue (%) 0.5 2.1.5 Superplasticizer 
Specific area—Blaine (cm’/g) 4240 Glenium Sky 690 (BASF Construction 
True density (kg/m*) 3040 Chemicals, Italy) was used as_ the 
Loose density (kg/m*) 890 superplasticizer. This is a poly-carboxylate- 
Compacted density (kg/m*) 1440 based superplasticizer. 
Standard consistency (%) 27.8 
Setting time - start (min) 170 2.2. Mixture design 
seluag nines oud i) 20 SPC mixtures were designed based on the 
Soundness — cookie Sound 1 : f 
Soupiiniess 1 e-Chatelier cain) i0 preliminary screening experiments that 


2.1.3 Limestone 

Limestone powder (Granit Pescar, Ljig) was 
used as the filler. This is carbonate filler 
with a medium grain size of 25 ym anda 
specific surface area of 3800 cm?/g. The 
chemical composition of limestone is given 
in Table 3. 


Table 3. Chemical composition of limestone 


powder 
Component Content (%) 

CaO 54.86 
MgO 1.10 

Al203 0.5 
P205 0.5 

Fe203 0.09 
K20 0.05 
MnO 0.005 
SO2 Traces 

S 0 


Loss on ignition 


43.64 


2.1.4 Sulfur 

Sulfur used as the mineral filler originates 
from the oil refining process by Claus's 
procedure in the Oil Refinery Pancevo and 
its purity was 99.9 %. The density of used 


included variations of composition and 
obtained properties of fresh and hardened 
concrete. Compositions of five SPC 
mixtures are given in Table 4- the reference 
(REF) with limestone as filler, and S2, S5, 
S10, and S20, with 2%, 5%, 10%, and 20% of 
sulfur, respectively, as partial replacement 
of limestone. The content of water and 
superplasticizer were kept constant for all 
mixes. 

The laboratory mixer with a capacity of 60 
1, fixed drum, and paddles at the vertical 
axel was used for the concrete preparation. 
To provide flowability and homogeneity of 
mixes and uniformity of concrete 
properties, the following mixing procedure 
was applied: mixing of coarse (II and III 
fractions) and fine (I fraction) aggregates 
for 60 s, addition of cement, and mixing for 
another 30 s, and then the dosage of water 
and  superplasticizer with additional 
mixing of 270 s. SPC series was made at the 
ambient temperature of 20-22 °C. The fresh 
concrete was poured into the molds, 
demoulded after 24 hours, and cured. For 
various testing, cubes (10 cm), prisms 
(12x12x36 cm), and plates (50x50x8 cm) 
were prepared. 
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Table 4. Compositions of SPC mixtures 


Property Sample 

REF $2 S5 S10 $20 
Aggregate fine fraction (0/4 mm) (kg/m‘) 840 840 840 840 840 
Aggregate coarse fraction (4/8 mm) (kg/m*) 430 430 430 430 430 
Aggregate coarse fraction (8/16 mm) (kg/m) 430 430 430 430 430 
Cement (kg/m’) 380 380 380 380 380 
Water (kg/m?) 183 183 183 183 183 
Limestone powder (kg/m*) 220 215.6 209 198 176 
Sulfur (kg/m‘) 0 44 1l 22 44 
Superplasticizer (kg/m‘) 7.6 7.6 7.6 7.6 7.6 
Water to cement ratio (w/c) 0.482 0.482 0.482 0.482 0.482 
Fluid* to powder ratio (f/p) 0.318 0.318 0.318 0.318 0.318 


*Fluid-sum of water and superplasticizer; Powder- a sum of cement, limestone, and ground sulfur 


2.3. Test procedure 

The performed tests were standard 
procedures for testing fresh and hardened 
concrete. The testing of fresh concrete 
included the following: slump-flow (SRPS 
EN 206-1:2011), V-funnel (SRPS EN 206- 
1:2011), L-box (SRPS EN 12350-10:2012), and 
segregation resistance (SRPS EN 12350- 
11:2012). 

The testing of hardened concrete included 
the following: compressive strength (SRPS 
EN 12390-3:2010), flexural strength (SRPS 
EN 12390-5:2010), bond strength (SRPS EN 
1542:2010), ultrasonic pulse velocity (SRPS 
U.M1.042:1998), dynamic Poisson's ratio 
(SRPS_ U.M1.026:1993), specific electrical 
resistance (IEEE 81-2012), and 
microstructure by SEM. 


3. RESULTS AND DISCUSSION 


3.1. Fresh concrete properties 

3.1.1. Slump-flow 

The flowability of SPC with added sulfur, 
determined by the slump-flow test, was 
higher than in the referent sample. The 
slump-flow values were from 76.1 cm for 
the REF sample to 82.0, 82.0, 78.0, and 77.5 
cm for S2, S5, S10, and S20, respectively, 
thus classifying all the series to the SF3 
class based on [7]. The slump-flow increase 
of the samples with sulfur compared to the 
reference sample is displayed in Figure 2. 
The positive impact of sulfur on the slump- 
flow value can be attributed to the 
hydrophobicity and lower density of 
powder sulfur compared to the limestone. 
The highest slump-flow values of S2 and S5 


suggest an optimal sulfur fraction for 


partial limestone substitution. 
9.0 


S2 S5 


Slump flow increase (%) 
- oF OY St ig 
So 2 BS & o 


a a 
coos 


0.0 > 


Figure 2. Slump-flow variation of SPC with 
sulfur compared to the reference sample 


S 
o 


S5 


Time ty, change (%) 
vn ° vn 
o o o 


= 
o 


-15.0 


$2 
-20.0 


Figure 3. V-funnel time variation of SPC 
with sulfur compared to the reference 
sample 


3.1.2. V-funnel 

The obtained V-funnel time values for the 
samples REF, S2, S5, and S10 were 9.73, 8.21, 
10.48, 8.87, and 9.21 s, respectively, whereby 
it can be concluded that they mutually 
differ below 2,5 s, which is in the range of 
repeatability. The V-funnel time variation 
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of the samples with sulfur compared to the 
reference sample is given in Figure 3. 

As seen in Figure 3, the increment is 
positive only for the S5. Anyhow, all 
samples satisfy the SPC viscosity criteria 
and belong to the VF2 category according to 
[7]. 


3.1.3. L-box 

Based on the criteria for determination of 
passing ability specified in the standard 
with three smooth steel bars of 12+0.2 mm 
in the L-box test, all concretes achieved 
class PL2 (H2/H1> 0.8). The obtained H2/H1 
value for the reference sample was 0.97, 
and for the samples with sulfur S2, S5, and 
$10, the ratio values were 0.98, 0.98, 0.96, 
and 0.96, respectively. It can be concluded 
that there are no significant changes in 
H2/H1 depending on sulfur content since 
all results are in the range of + 0.01, 
indicating a similar behavior of tested 
samples. 

Figure 4 shows the changes in passing 
ability expressed by ratio H2/H1 of SPC 
mixtures with sulfur compared with the 
reference mixture. 


in 


S10 $20 


S S S Ts 
in o in o 


ights ratio H2/H1 change (%) 


Hei 
o 


S2 S5 
“1.5 
Figure 4. Heights ratio (H2/H1) variation of 
SPC with sulfur compared to the reference 
sample 


Compared with the H2/H1 value of the 
reference sample, it is evident that the 
mixtures with lower sulfur content (S2 and 
S5) exhibit an increase in passing ability 
ratio for 1%, while the mixtures S10 and $20 
show a decrease of H2/H1 for 1 %. This 
indicates a slight workability enhancement 
of the samples with lower sulfur content 
and a slight workability reduction of the 
samples with higher sulfur content. 


3.1.4. Segregation resistance 

The portion of segregated particles, ie. 
segregation ratio values, obtained by the 
sieve segregation test, for the samples REF, 
$2, S5, and S10 were 3.5, 4.3, 3.8, 4.2, and 3.6, 
respectively. Figure 5 presents’ the 
segregation resistance variation, expressed 
as a change in the portion of segregated 
particles of the samples containing sulfur 
compared to the reference sample. 


25.0 


S2 


S10 
20.0 


Portion of segregated particles 
increase (%) 


0.0 


Figure 5. Segregation resistance variation 
of SPC mixtures with sulfur compared to 
the reference sample 


It is obvious that the segregation resistance 
of the samples with a sulfur decline in 
relation to the reference sample. There is a 
certain increase in the segregated portion 
due to the presence of sulfur, but this value 
was decreasing with the sulfur content 
increase. 

Regarding fresh concrete properties, higher 
values of slump-flow diameters of the SPC 
samples with sulfur in relation to the 
reference sample indicate a noticeable 
positive effect of sulfur on flowability. 
Sulfur addition in SPC did not have a 
significant influence on the V-funnel time. 
Since the L-box test results are in the range 
of + 0.01, all samples have a similar passing 
ability. The addition of sulfur resulted in a 
certain increase in the _ portion of 
segregated particles. 


3.2. Hardened concrete properties 

3.2.1. Compressive strength 

Compressive strength measurements were 
performed on three samples (cubes of 10 cm 
edge length) for each composition and 
curing age, and the average values are 
shown in Figure 6a). 
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Namely, increasing of added sulfur content 
would induce declining of compressive 
strength value per day of aging, while these 
values are increasing during the aging per 
each tested series. This behavior is 
probably because sulfur is more brittle than 
limestone. 

A negative increment in compressive 
strength given in Figure 6b) shows the 
percentage of compressive strength loss of 
SPC with sulfur in relation to the reference 
SPC sample. Compressive strength 


decreases with the increase of added sulfur 
amount compared to the compressive 
strength of the reference SPC without 


44.10 
46.36 
48.63 
50.89 
53.15 
55.41 
57.68 
59.94 


62.20 


sulfur, so that after 28 days of aging 
decrement of compressive strengths ratio 
increases from 0.3 (S5) to 11.9 % (S20). Also, 
the drop in compressive strength during 
the aging was lower for the SPC with lower 
sulfur content having in mind that this 
drop was not related to the increase of 
ground sulfur content linearly. In addition, 
the drop of compressive strength for the 
SPC with 10 % and 20 % of ground sulfur 
was almost similar at all ages. More 
precisely, differences of compressive 
strength drop between S10 and S20 are 


becoming smaller and smaller with 
increasing aging time. 

b) 
A140 7 = 
Pa 
312.0 {| #S5 
2 =S10 
510.0 _|_ = S20 
vo 
~ 
= 
=, 8.0 
S 
vo 
£ 6.0 
vo 
> 
B 4.0 
2 
= 2.0 
° 
te) 

0.0 

3 7 14 28 
Age (days) 


Figure 6. a) Compressive strength values of SPC samples during the aging; b) Compressive 
strength variation of SPC with sulfur compared to the reference sample during the aging 


3.2.2. Flexural and bond strength 

Flexural strength measurements, according 
to the three-point loading test in the middle 
of the span, at the age of 180 days, were 
carried out on three 12x12x36 cm samples, 
while the average values are shown in this 
study. 

The bond strength determined by the pull- 
off strength test is often used for the 
evaluation of concrete resistance and 
verification of the adhesion strength of the 
concrete repairing structures. The quality 
of SPC was determined at the age of 180 
days, on the 50x50x8 cm plates. Test dollies 
of two different diameters, 220 mm and 
@50 mm, were applied. Five measurements 
were conducted for each series and both 


dolly diameters, while the average values 
are presented in this study. Diagrams 
presented in Figure 7 show the decrease of 
flexural and bond strength of SPC with 
sulfur in relation to the reference SPC. 
Flexural strength values were in the range 
of 6.9 (S20) and 10.5 MPa (REF), while the 
bond strength values were within 5.53 MPa 
(REF) and 7.50 MPa (S10) in the case of 020 
dolly and within 5.77 MPa (REF) and 6.28 
MPa (S10) for the 050 dolly. 

Flexural strength decreases for samples 
with sulfur in comparison to the reference 
sample from 18.1 % (S2) to 34.3 % (S20), 
Figure 7a). This decrease is almost linearly 
proportional to the increase of limestone 
replacement by sulfur. Similar to 
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compressive strength, flexural strength 
decrement of SPC with sulfur compared to 
the reference SPC can be explained by 
higher water to cement ratio and lower 
sulfur hardness. 

Figure 7b) shows the change in bond 
strength of SPC with sulfur compared to the 
reference sample. Results of the pull-off 
test show that the decrement of bond 
strength decreases with the quantity of 
replacing limestone with sulfur for both 
dolly diameters. In the case of @20 dolly 
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Bond strength decrease (%) 


diameter, decrement of bond strength 
increases compared to the _ reference 
sample in the range from 15.0 % (S20) to 
35.7 % (S10). For the test of @50 dolly 
diameter, the decrement of bond strength 
increases slightly from 0.8 % (S20) to 8.8 % 
(S10). It can be concluded that the use of 
sulfur has no negative influence on the 
bond strength regardless of the used dolly 
diameter. In addition, bond strength 
decrement is more pronounced for the dolly 
diameter of 20 compared to 50. 
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Figure 7. Strength variation of SPC with sulfur compared to the reference sample: a) flexural, 
b) bond 


3.2.3. Ultrasonic pulse velocity testing 
(UPVT) 

Ultrasonic pulse velocity measurements 
provide important information about the 
mechanical, anisotropic, and _ elastic 
properties of the medium it passes through. 
Since the theory proves that ultrasonic 
pulse travels with lower velocity through 
the material of higher porosity and lower 
density [21-23], methods of measuring 
ultrasonic velocity can be used for 
monitoring the changes in the structure of 
the material with increasing content of 
added sulfur. 

Measuring both ultrasonic pulse velocities 
started at the age of 7 days and lasted until 
the age of 28 days, with one additional 
measurement at the age of 180 days being 
done. Results are given in Figure 8. 


An overall analysis of the ultrasonic 
measurements, shown in Figure 8a), 
indicates that the ultrasonic pulse velocity 
is decreasing with the increase of sulfur 
content in the SPC while it is increasing 
during the aging for each series. 

Changes in relations between ultrasonic 
pulse velocities of SPC with sulfur and 
reference sample REF are illustrated in 
Figure 8b). UPV in almost all examined 
samples decreased with aging. The largest 
decrease (1.7 %) was at the age of 14 days, 
for the S10 sample. Also, mutual deviations 
of UPV per examined series of SPC with 
sulfur are small and within the relatively 
narrow range (-0.15 % - 1.7 %) compared to 
the UPV of the reference sample. 

The dynamic Poisson ratio values, 
calculated for all ages, are given in Table 5. 
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The values are ranging from 0.239 for the 
reference sample at the age of 7 days up to 
0.257 for sample S20 at the age of 180 days. 
In other words, the values of the dynamic 


Poisson coefficient for the SPC with sulfur 
were very close to the calculated values of 
the reference sample REF 
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Figure 8. a) UPV values of SPC samples during the aging; b) UPV variation of SPC with sulfur 
compared to the reference sample 


Table 5. Dynamic Poisson ratio values during the aging of SPC samples 


5 Age (days) REF S2 $5 S10 S20 
o 7 0.239 0.254 0.253 0.250 0.245 
Bo . 14 0.250 0.252 0.248 0.243 0.250 
g 5 a 21 0.252 0.250 0.253 0.256 0.254 
AB 28 0.248 0.245 0.250 0.254 0.255 
& 180 0.239 0.244 0.252 0.251 0.257 


3.2.4. Specific electrical resistance 


Specific electrical resistance was tested to 
estimate the influence of sulfur on the 
corrosion probability of  self-placing 
concrete. Namely, since corrosion is an 
electrochemical process where _ the 
electrons flow through the material occurs, 
the ability of concrete to withstand the 
motion of ions through it can be described 
based on electrical resistance. 


The obtained values of specific electrical 
resistance for all self-placing concrete 
samples are given in Table 6. Compared 
with the reference sample, the specific 
electrical resistance of the self-placing 
concrete samples containing sulfur is 
higher. The higher specific electrical 
resistance of SPC samples containing 
sulfur reduces the possibility and rate of 
corrosion in this material in relation to the 
reference one. 


Table 6. The specific electrical resistance of SPC samples 


Propert Sample 
Pra REF 82 S5 S10 S20 
Specific electrical resistance (MOQm) 0.216 0.743 0.373 0.532 0.411 


3.2.5. Microstructure 

The microstructure of the SPC specimens 
was monitored using a scanning electron 
microscope (SEM) JEOL JSM-6610LV. The 


samples were cleaned immediately before 
the SEM analysis using petroleum ether 
and then left in an ultrasonic cleaning bath 
for a few minutes. After drying, thin layers 
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of gold were applied to the samples. 
Microstructure analysis was performed on 
the surfaces of the reference and S20 


samples. SEM images of the reference and 
$20 samples are given in Figure 9. 


Figure 9. SEM images of SPC samples: a) REF, b) $20 


According to the presented micrographs 
and application of image analysis, the 
surface porosity of the S20 sample is 
slightly higher than of the reference one. 
However, the reference sample has a larger 
amount of smaller pores while the S20 


sample possesses a lower amount of bigger 
pores. 

To characterize the phase distribution in 
the matrix, EDS analysis was done at a few 
spots of the S20 sample surface. The 
obtained EDS analysis results are given in 
Table 7. 


Table 7. EDS analysis of the matrix of the sample S20 


Content (weight %) 


Spot ; 

Mg Al Si S cl K Ca Fe Total 
1 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 100.00 
2 57.20 0.00 0.69 5.19 8.78 0.75 0.49 26.90 0.00 100.00 
55.30 0.64 1.55 5.30 3.14 0.17 0.54 32.48 0.88 100.00 
54.40 1.64 3.05 8.20 3.50 0.00 0.00 27.51 1.70 100.00 
5 54.31 0.00 0.00 45.69 0.00 0.00 0.00 0.00 0.00 100.00 
The chosen spots for the analysis were: 1- practically didn’t undergo chemical 

sulfur, 2- contact between sulfur and the change. 
surrounding matrix, 3- matrix, 4- contact Mapping by elements S, Ca, and Si 


between aggregate and matrix, and 5- 
aggregate. It can be seen that the matrix 
has similar composition regardless of the 
selected spot on the sample surface and 
distance from the coarse aggregate. The 
matrix consists mainly of the hydrated 
cement phases, CSH phase, and, to a lesser 
extent, CH phase. The higher concentration 
of the CH phase was not recorded in the 
interfacial zone, which proves the good 
compactness of the material. The content 
of sulfur in the contact zone between the 
grains of sulfur and the surrounding matrix 
is insignificantly higher and with similar 
constituents compared to the other parts of 
the matrix thus indicating that this zone 


(qualitative analysis) was performed at 
several places on the matrix surface, Figure 
10. 

The main particles of the matrix are 
uniformly distributed showing the good 
homogeneity of components inside the 
matrix. Regarding the dispersion of 
limestone powder and sulfur grains 
performed at several places of the matrix 
surface, a grouping of ground particles was 
not observed and good distribution of all 
matrix components is evident. Therefore, 
the negative impact of ground sulfur 
application in SPC was not noticed. Based 
on the obtained mapping results, there was 


10 JST&M 1(2021), 1 - 12 


Viahovic et al. 


Waste sulfur as a partial filler replacement in self-placing concrete 


a good distribution of the components, and 
clustering of the grains was not noticed. 

Concerning hardened concrete properties, 
the compressive strength of the samples 
with sulfur was lower than that of the 
reference sample. After 28 days of aging, 
this drop is noticeable only for the samples 
with higher sulfur content. Sulfur addition 
also resulted in flexural and bond strength 
reduction. Propagation velocity of 


ultrasonic pulses decreased with 
increasing the sulfur content in the SPC 
samples compared with the reference 
sample for all ages. SEM analysis pointed 
out similar porosities of all samples. EDS 
confirmed the existence of cement matrix 
without changes in chemical composition, 
while mapping indicated the absence of 
segregation. 


Figure 10. Mapping result of SPC sample S20 


4. CONCLUSION 

The influence of waste sulfur on properties 
of self-placing concrete was done by 
comparing five series with different 
compositions. The conclusions are as 
follows: 

The compressive strength of SPC with 
ground sulfur was lower compared with 
the reference sample, at all ages. Also, a 
non-linear decrease of compressive 
strength was noticed with increasing 
sulfur content. Based on the compressive 
strength results after 28 days of aging, all 
series can be used in common structural 
applications. 

There is approximately linear flexural 
strength decrease with increasing the 
ground sulfur content. Also, bond strength 
decline at the age of 180 days was noticed. 
The addition of ground sulfur in SPC 
resulted in an ultrasonic pulse velocity 
decrease (up to 1.7 %), regardless of both 
sulfur content and age. 

The specific electrical resistance of the self- 
placing concrete samples containing sulfur 
is higher compared with the reference 
sample. Increased specific electrical 
resistance indicates inhibited chances of 
corrosion as well as the slowing down the 
corrosion process of the samples 


containing sulfur 
reference one. 

The SEM analysis points out slightly higher 
porosity of the S20 sample compared with 
the reference one which is by the 
compressive strength results (decrease). 
The mapping reveals a good distribution of 
the components without clustering the 
grains. 

It can be concluded that the addition of 
sulfur did not negatively affect the 
properties of SPC and that all prepared 
compositions satisfy requirements for 
structural applications. Accordingly, with 
respecting principles of sustainable 
development in the construction industry, 
the possibility of valorization of waste 
sulfur as a mineral filer for producing a 
material having use value was proved. 


compared with the 
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ABSTRACT 


In this paper, the adsorption properties of two metallurgical wastes (slag and anode dust) and two 
municipal wastes (eggshells and coffee grounds) were described. Acetic acid was used as the 
adsorbate Adsorption kinetic was monitored during the adsorption process. The obtained results 
showed that all tested waste materials can be used as potential cheap adsorbents. Adsorption took 
place relatively quickly. Equilibrium was reached in 15 minutes, and the adsorption kinetics followed 
the pseudo-first-order reactions, i.e., can be described by the Lagergren model. All g values calculated 
using Ho's model have a negative sign. That indicates that the Ho model is not suitable for describing 


the kinetics of the tested adsorption systems 
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1. INTRODUCTION 

Waste materials are substances. that 
generate in industry, households, 
agriculture, etc. Often, the waste cannot be 
used for further use and must be further 
processed or/and disposed of. As human 
activities become more intense, the amount 
of waste increases [1]. Landfilling is the least 
acceptable form of waste management from 
an economic, especially from an 
environmental point of view. Proper waste 
disposal requires adequate preparation of 
the disposal area, large areas, drainage of 
gas and water, etc., which is a significant 
financial expense. Often the waste is 
disposed of on unprepared surfaces or in 
nature, which is a direct danger to the 
environment. However, studies have shown 
that it is not always necessary to dispose of 
non-hazardous waste, 1.e., that could be used 
for other purposes. That is especially true for 
industrial and municipal waste. 


Industrial waste generates in production 
processes. Some industries produce large 
amounts of waste materials [2]. That is 
especially true of the metallurgical industry. 
In the metallurgical industry, in addition to 
a large amount of waste material, there are 
different types of waste. It occurs in almost 
every segment of production, such as iron 
production (blast furnace sludge, blast 
furnace slag, dust, etc.), steel production 
(electric arc furnace slag, electric arc 
furnace dust, and refractory material), 
production of castings (waste molding 
mixture, waste after castings cleaning), etc. 
Part of this waste returns to the production 
process, but the rest still requires adequate 
disposal. 

Municipal waste is generated primarily in 
households, but this group includes all other 
waste materials similar in composition and 
properties to municipal waste. Its quantities 
are also significant and require proper 
management. Despite the opinion that about 
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80% of the content from household waste 
can be further processed, the rest still 
requires disposal [3]. 

The total waste generated in the EU in 2018 
by all economic activities and households 
amounted to 2337 million tons. Of that, 38.5 
% of waste materials were disposed of, and 
37.9 % were recycled [4]. 

The other major environmental problem is 
the increasing amount of wastewater 
loaded with both organic and inorganic 
pollutants. Both types of pollution are 
dangerous for human health, but also flora 
and fauna. The most common inorganic 
contaminants are heavy metals such as 
chromium, nickel, lead, cadmium, etc. Most 
heavy metals are not dangerous in small 
amounts and are necessary for the normal 
functioning of organisms. However, in 
increased concentrations, they have a 
detrimental effect on the human body, 
causing various diseases and even death. 
Organic pollutants in wastewater are 
usually phenols, pharmaceuticals, food 
acids such as acetic, citric, ascorbic, formic, 
and others. Acetic acid (HAc) is a colorless 
organic liquid compound with a distinctive 
sour taste and pungent smell. Acetic acid is 
used primarily for the production of 
polyvinyl acetate, cellulose acetate, 
synthetic fibers, and in the food industry. A 
lot of industrial wastewater containing 
acetic acid is discharged directly from 
chemical industries without treatment. 
Consequently, it can cause environmental 
pollution, such as water pollution, soil 
pollution, and air pollution. Prolonged 
exposure to 10 ppm of acetic acid vapor can 
lead to eyes, nose, and throat irritation. If the 
concentration is as high as 1000 ppm, it can 
seriously damage the eyes, nose, and 
respiratory tract [5]. 

Because of the above-mentioned, the 
common denominator of similar research is 
finding new methods for the utilization of 
waste for wastewater treatment. The 
adsorption properties of individual wastes 
are of high interest, which would enable its 
application in wastewater’ treatment 
processes. Adsorption has proven to be a 
simple and effective method for removing 
organic and inorganic contaminants from 


wastewater. The disadvantage of this 
method is the cost of the adsorbent. Using 
waste as an adsorbent would decrease the 
treatment cost, and reduce the amount of 
waste material for disposal [6-8]. 

In this article, the possibility of removing 
acetic acid from wastewater was presented. 
Adsorption was used as a method for 
removal. Industrial and municipal wastes 
were used as adsorbents in the research. 
Industrial waste is waste from the 
metallurgical industry (slag and anode 
dust), while municipal waste is common 
household waste (eggshells and coffee 
grounds). In the experiments, the adsorption 
kinetics was monitored using two kinetic 
models: the Lagergren model and the Ho 
model. 


2. MATERIALS AND METHODS 

In this paper, the adsorption kinetics of four 
adsorption systems were studied, as follows: 
slag/acetic acid, anode dust/acetic acid, 
eggshells/acetic acid, coffee grounds/acetic 
acid. 

Slag is a waste generated in the 
metallurgical industry during _ steel 
production. It acts as a refining agent, 
collecting unwanted components from 
steel. Anode dust is a waste generated 
during the anode production (firing and 
transport) used for the electrolysis of 
alumina during the _ production of 
aluminium. 

Eggshells and coffee grounds are wastes 
generated in the household during the 
preparation and consumption of food and 
appropriate beverages. The chemical 
composition of the waste materials was 
determined by inductively coupled plasma 
spectrometry ((ICP-OES) Optima 2100- 
Perkin Elmer). 

All four waste materials were shredded, 
homogenized, and dried at 105 °C to constant 
weight. In this form, they were used as 
adsorbents. 

Acetic acid as the adsorbate was used. It was 
prepared as an aqueous solution with a 
concentration of 0.5 mol/L using ultra-pure 
water. 

The adsorption experiment was performed 
by a static (batch) method (without mixing), 
using 0.5 g of adsorbent in contact with 50 
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mL of the adsorbate. Adsorption 
temperature was 25 °C for a time of 60 min. 

After 5, 10, 15, 30, and 60 min, the solutions 
were filtered through a blue ribbon filter 
paper. In the filtrates, the concentration of 
acetic acid after adsorption is measured by 
the volumetric method. The obtained data 
were mathematically processed as follows: 


e determination of adsorption capacity 
de = ae V (1) 


where is: 

C - initial concentration of acetic acid, 
mg/L, 

c. - equilibrium concentration of acetic 
acid, mg/L, 

m-— the mass of adsorbent, g, 

V-— the volume of acetic acid, L. 


Table 1. Chemical composition of the slag 


e determination of adsorption kinetics: 


Lagergren model: 


In(qe — Gt) = Inge — kyt (2) 
Ho model: 
t 1 t 
GQ. keg. We 
where is: 


q- adsorption capacity in time ¢ mg/g, 

ge - equilibrium adsorption capacity, mg/g, 
t- contact time, min, 

&, — first-order reaction rate constant, min, 
k. — second-order reaction rate constant, 
g/mg-‘min 


3. RESULTS AND DISCUSSION 
Tables 1 and 2 show the chemical 
composition of the slag and the anode dust. 


Element Si Ca Mn Mg Al 


Cr Na K Ba other elements 


wt. % 470 23.80 1430 5.33 4.18 


0.13 0.07 0.06 0.01 3.79 


Table 2. Chemical composition of the anode dust 


Element Cc Al Si Ca 


other elements 


wt. % 96.8 1.27 1.27 0.22 


0.13 0.07 0.02 0.03 


The chemical composition of eggshells 
showed that the major component is 
calcium (calcium oxide 96 %). The chemical 
composition of coffee grounds showed that 
the main component was carbon (98 %). 
Figure 1 shows the adsorption capacity of 
acetic acid on slag, anode dust, eggshells, 
and coffee grounds depending on time. 
Figure 1 shows that all tested adsorbents 
show some adsorption properties. In all 
adsorption, a system at the time of contact 
(in the first five min.), very fast adsorption of 
acetic acid on the surface of the adsorbent 
occurs, followed by slightly slower 
adsorption. In all tested systems, dynamic 
equilibrium is achieved relatively quickly, 
in just 15 min. 


At the moment of equilibrium, the best 
adsorption capacity had coffee grounds (1.95 
mg/g), followed by anode dust (0.95 mg/g), 
slag (0.95 mg/g), and eggshells (0.69 mg/g). 
That was the result of the chemical 
composition. Namely, anode dust and coffee 
grounds are carbon materials that belong in 
the group of potential carbon-based 
adsorbents. Some other studies recorded 
that carbon materials had the best 
adsorption properties, whose leader is 
activated carbon - the best known and the 
most effective commercial adsorbent [9-11]. 
Slag, as well as eggshells, belongs to the 
group of potential adsorbents based on 
metal oxides. Slag showed slightly better 
adsorption properties because it consists of 
several different oxides. The main 
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component in slag is Si02 which is also a 
potential adsorbent. Zengin and Erkan [12] 
monitored the adsorption of acids and bases 
on SiO2. The obtained results indicate good 
adsorption capacity. Eggshells show 
adsorption potential but with a slightly 
lower adsorption capacity. The reason is 
only one oxide (CaO) in the chemical 
composition of eggshells, which has a bit 


2,5 


dp» mg/g 


10 20 


30 


lower adsorption potential compared to 
other oxides and carbon. 

To better understand the adsorption 
kinetics, the obtained results by kinetic 
models were processed (Figures 2 and 3). 
Table 3 shows the kinetic parameters for the 
adsorption systems of slag/acetic acid, 
anode dust/acetic acid, eggshells/acetic 
acid, and coffee grounds/acetic acid. 
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40 


t, min 
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Figure 1. The adsorption capacity of acetic acid on the tested adsorbents depends on time. 
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Figure 3. The Ho kinetic model for the tested systems 
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Table 3. Kinetic parameters for the adsorption systems of slag/acetic acid, anode dust/acetic 


acid, eggshells/acetic acid, and coffee grounds/acetic acid 


KINETIC MODEL 
The Lagergren model The Ho model 
> 0.310 a -23.202 
mg/g mg/g 
slag/acetic acid ky, 0.9463 ky, -8.991 
min g/mg'min 
iad 0.9965 Ff 0.9248 
> 1.154 = -103.093 
mg/g mg/g 
anode dust/acetic acid ky, 1.0787 ke 6571 
min g/mg-'min 
FF? 0.9992 F? 0.3019 
, 0.696 oy 42.735 
mg/g mg/g 
eggshells/acetic acid 
a 1.4795 -3.018 
min g/mg'min 
F? 0.9995 F? 0.0425 
ae 0.940 7 41.841 
coffee grounds/acetic 7 g . g 
acid : 0.5166 ae -3.623 
min g/mg'min 
Ff 0.999 Ff 0,9635 
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It is visible from Table 3 that the coefficients 
of determination (R*) are higher for the 
Lagergren model, meaning that the 
adsorption in the examined systems follows 
the adsorption kinetics of the pseudo-first- 
order, taking place according to the 
Lagergren model. 

The values of qe obtained experimentally 
and q calculated by kinetic models were 
compared. The results for the gq values 
obtained by the Lagergren model better 
correspond to the q@ values obtained 
experimentally, which also confirms the 
better description of the adsorption by the 
pseudo-first-order. In addition, all g. values 
calculated using the Ho model have a 
negative sign, indicating that the Ho model 
is not suitable for describing the kinetics of 
the tested adsorption systems. Although 
most adsorption processes take place 
according to the kinetics of pseudo-second- 
order reactions (the Ho model), there are also 
a small number of adsorption systems 
whose kinetics follow pseudo-first-order 
reactions (the Lagergren model) [13]. 
Following the theoretical principles of the 
pseudo-first-order model, at low 
concentrations of adsorbate, the adsorption 
kinetics is affected only by a large number 
of free sites on the adsorbent surface [14, 15]. 
In this investigation, the acid of very low 
concentration (0.5 mol/L) was used. That 
probably was the reason why adsorption 
takes place according to the Lagergren 
model. 


4. CONCLUSIONS 

All tested adsorbents, slag, anode dust, 
eggshells, and coffee grounds showed 
appropriate adsorption properties under the 
tested conditions, meaning that they could 
play a role as potential adsorbents. Using 
that type of material would reduce the 
amount of waste material for disposal, and 
would help the removal of acetic acid from 
wastewater. The obtained results showed 
that the adsorption of acetic acid on the 
tested adsorbents is relatively fast. 
Equilibrium was reached in 15 minutes. 
Adsorption takes place in two steps. The 
first step is fast in general, and the second is 


somewhat slower. According to the 
obtained results, it was visible that the 
adsorption of acetic acid on slag, anode dust, 
eggshells, and coffee grounds follows the 
kinetics of pseudo-first-order reactions, 
taking place according to the Lagergren 
model. 
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ABSTRACT 


Stainless steel X8CrNiS18-9 (standard EN 10088-3: 2005) is the most commonly used austenitic 
stainless steel due to its good machinability. This steel has high mechanical and working properties 
thanks to a complex alloying, primarily with the elements such as chromium and nickel. The content 
of sulphur present in the steel from 0.15 to 0.35% improves machinability. Microalloying with tellurium 
and zirconium (individually and in combination) in most cases leads to improved properties of this 
stainless steel, compared to melt without alloying additives, e.g. the melt microalloyed with tellurium 
and especially melt microalloyed with zirconium and tellurium has significantly better machinability 
compared to the melt without alloying elements 

The addition of sulphur, which is the cheapest available additive for free machining, will impair not 
only the transverse strength and toughness but also the corrosion resistance. However, while sulphur 
improves machinability at the same time decreases the mechanical properties particularly toughness. 
This work aims to test machinability, corrosion resistance, and mechanical properties of the 
mentioned steel, as well as the chemical composition of non-metallic inclusions. 

nonmetallic inclusions; tellurium; zirconium; machinability; corrosion 
resistance; mechanical properties. 
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1. INTRODUCTION resistance. The shape, size, and distribution 


Stainless steel X8CrNiS18-9 is austenitic 
stainless steel for free cutting on automated 
machine tools. One of the key design 
requirements is the highest material 
removal per unit time and_ chip 
breakability. Therefore, this steel contains 
an increased sulphur content to obtain a 
larger amount of manganese sulfide. In 
addition to the amount of manganese 
sulphides, their shape and way of 
distribution in the steel matrix are also 
very important for the mechanical 
properties of steel as well as corrosion 


of manganese sulphides can be influenced 
by the addition of elements having a high 
oxygen affinity such as_ titanium, 
magnesium, or zirconium, by the addition 
of calcium or REM elements, or by the 
addition of tellurium. 

In this paper, the focus is on the action of 
zirconium and tellurium, both individually 
and in combination with the form and 
chemical composition of manganese 
sulphides. 

The addition of tellurium to improve the 
cut surface is due to the lubrication ability 
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of manganese telluride. Tellurium occurs in 
steels in inclusions in the form of 
manganese (sulpho) telluride (MnTe,Su«-.), 
or as a white envelope of manganese 
sulphide, or in the form of globular 
inclusions, which are at the base of 
manganese sulphide or manganese silicate 
[1]. 

Manganese telluride (MnTe) inclusions and 
is more effective than sulphur for 
machinability of austenitic stainless steels. 
As well as selenium, it also promotes 
globularization and expansion of sulphide 
inclusions. Although tellurium is now 
recognized as a powerful sulphur modifier 
as well as a machinability additive when 
used in combination with lead and sulphur 
[2], it also has a downside because it causes 
problems with hot processing of austenitic 
stainless steels and has not been used for 
commercial purposes [3]. 

The function of zirconium is not to remain 
in melt steel, but to remove impurities of 
oxygen, sulphur, and nitrogen, or modify 
inclusions by forming complex sulphides 
and oxy-sulphides. Zirconium sulphide is 
significantly more stable than manganese 
sulphide in steel. Therefore, if sufficient 
free zirconium is available during the early 
stages of solidification of liquid steel, 
zirconium sulphide will be formed and 
prevent the formation of manganese 
sulphide. Zirconium sulphide is much more 
refractory than manganese sulphide and is 
virtually undeformable during hot rolling 
[4]. 

The literature suggests that the optimal 
combination of higher sulphur content to 


improve machinability and zirconium for 
better impact characteristics provides the 
steel with acceptable machinability and 
ductility criteria [5]. It has been observed 
that even a small amount of zirconium 
causes clusters of sulphide, nitride, and 
oxide inclusions in cast steel; this could 
indicate the effect of ZrO. on nucleus 
formation for the rest of the inclusions [6]. 


2. EXPERIMENTAL 

TEST RESULTS 
The research aimed to examine 
machinability, corrosion resistance, and 
mechanical properties of austenitic 
stainless steel X8CrNiS18-9 without and 
with the addition of zirconium and 
tellurium. Production of austenitic stainless 
steel X8CrNiS18-9 was performed in a 
vacuum induction furnace at the Institute 
"Kemal Kapetanovic" in Zenica. Four melt 
variants were made, the weight of the ingot 
is about 7 kg, Table 1. The first is without 
alloying elements, the second is alloyed 
with zirconium, the third with tellurium, 
and finally the fourth with both elements, 
zirconium, and tellurium. The ingots were 
processed by forging (approx. 050 mm), hot 
rolling (the final dimensions of the 
rectangular cross-section are 14 x 50 mm), 
and heat treatment. Chemical analysis of 
the four melt variants is given in Table 1. 
SEM Elemental Mapping and EDS scan 
methods were used to examine the exact 
chemical composition of sulphides in 
masse percent. 


RESEARCH AND 


Table 1. Chemical analysis of melt variants [7] 


: Chemical composition (%) 
Melt variants 


C Si Mn P S Cr Ni Zr Te 
Without alloying elements 0.03 0.42 0.61 0.021 0.18 18.3 9.4 - - 
Alloyed with Zr 0.04 0.35 0.75 0.021 0.17 18.8 9.4 0.016 7 
Alloyed with Te 0.05 0.40 0.80 0.010 0.16 18.9 9.3 - 0.033 
Alloyed with Zr and Te 0.03 0.47 0.72 0.012 0.18 18.5 8.9 0.007 0.040 


2.1. Machinability 
In the Laboratory for metal cutting and 


test of the semifabricate after forging was 
done, based on the _ estimation of 


machine tools of the Faculty of Mechanical 
Engineering in Zenica, the machinability 


parameters of the cutting force. Testing on 
all samples was performed under the same 
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treatment regime. The results of the cutting 
force tests (individual forces F;, Fy, and F, 
as well as the resultant force Fr) are given 
in Table 2. 

The melt microalloyed with zirconium has 
about 3% worse machinability compared to 
melt without alloying elements. However 


Table 2. The results of the cutting force tests [7] 
Cutting force (N) 


melt microalloyed with tellurium has up to 
12% better machinability, while especially 
melt microalloyed with zirconium and 
tellurium even up to 22% better 
machinability compared to the melt 
without alloying elements. 


The resultant force 


Melt variants 
Component Fx 


Without alloying elements 180 
Alloyed with Zr 193 
Alloyed with Te 154 
Alloyed with Zr and Te 137 


2.2. Corrosion resistance 

General corrosion tests for X8CrNiS18-9 
stainless steel samples were performed on 
a potentiostat/galvanostat PAR 263A-2 
device in an electrochemical cell prescribed 
by ASTM G5-94. The samples were tested 
in a solution of 1% HCl at room temperature. 
The solution was previously deaerated 
with argon for 30 minutes as provided by 
ASTM G5-94. To test the general corrosion 
of the X8CrNiS18-9 stainless steel samples, 
the Tafel Directional Extrapolation Method 
described by ASTM G3-89 was used. The 
results of testing the general corrosion rate 
of these samples are given in Table 3. 


Component Fy Component Fz Fr (N) 
218 361 458,52 
235 362 472,77 
200 317 405,22 
164 289 359,42 


About the effect of zirconium and tellurium 
microalloying on the corrosion rate of 
austenitic stainless steel X8CrNiS18-9, it 
can be concluded that melt alloyed with 
tellurium shows a marked increase in 
corrosion rate compared to the melt 
without alloying additives. However, the 
melt which is microalloyed with the 
zirconium and tellurium shows a 
significant reduction in corrosion rate 
compared to melt without alloying 
additives, while melt microalloyed only 
with zirconium shows a further reduction 
of corrosion rate compared to melt 
microalloyed with the zirconium and 
tellurium. 


Table 3. Test results for general corrosion rate [7] 


Melt variants Icorr (114) 
Without alloying elements 4.266 
Alloyed with Zr 3.175 
Alloyed with Te 8.949 
Alloyed with Zr and Te 3.523 


2.3. Mechanical properties 

After the rolling process was completed, 
specimens were prepared for mechanical 
testing (tensile properties and impact 
toughness testing). The tests were 
performed at the Mechanical Laboratory of 
the Institute "Kemal Kapetanovic" in 
Zenica. The results of the tensile properties 
and impact toughness testing are given in 
Table 4. 

The impact toughness value is even 
slightly higher for all three melt 


Corrosion current, 


Corrosion rate, Open Circuit Potential, 


Vcorr (mm/year) E¢-o) (mV) 
4.955 -475.320 
3.687 -474.438 
10.390 -504.517 
4.092 -472.957 


(microalloyed with zirconium, tellurium, 
and zirconium and tellurium) compared to 
the melt without alloying elements, and the 
highest value of impact toughness has the 
melt microalloyed with zirconium and 
tellurium. 


2.4. Testing of samples at SEM in a rolled 
condition 

The tests were performed at the Scanning 

Electron Microscope (SEM) type JEOL JSM 
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5610 of Japanese production at the Faculty of Natural Sciences and Engineering, 
University of Ljubljana. The microscope Figure 1 gives a mapping showing the 
works with excitation energy up to 30 keV. inclusions of the sample without the 
The theoretical increase is up to 300000x. addition of alloying elements. It is clear 
The microscope also has an EDS detector. It from the picture that the inclusions from 
can do semi-quantitative and qualitative the SEM image (Figure la) are almost 
analyzes. Tests were carried out on identical to those in the images showing 
samples in a rolled condition as the final the position of manganese and sulphur 
stage of processing. Point analysis and (Figures 1b and lc). 

mapping were done for each of these 

samples. 


Table 4. Test results of tensile properties and impact toughness in rolled condition [7] 


Conventional Tensile . . impact roughness (1) 
: . Elongation Reduction KV 300 J 

Melt variants yield strength strength A (%) Z (%) 

Rpoz(N/mm?) Rm(N/mm/?) i , Individually Average 
Without alloying elements 349 670 50,0 70 60; 56; 56 57 
Alloyed with Zr 321 653 51,5 63 55; 69; 55 60 
Alloyed with Te 314 635 46,5 59 58; 69; 60 62 
Alloyed with Zr and Te 312 629 47,5 53 64; 69; 62 65 


Standard EN 10088-3 


Sininlese ical min. 190 500 — 750 min. 35,0 = - = 


SEM 


b) c) 
Figure 1. Mapping of the sample without additions of alloying elements: 
a) SEM image; b) and c) elements Mn and S [7] 
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(01-45 Mahmutovic vz 1140-31 


Elt. Cone 
wt. % 


O 0.093 
Si 0.391 
S 26.392 
Cr 20.394 
Mn 34.874 

f. Mo 11.778 


FeS 


(Fe,Mn)S 


. Mohn 


V (cnt ID=Smlal Prloé 
Window 0.005. 40.955= 126203 


4kx 5 pm 
a) b) 
Figure 2. Spot analysis of sample inclusions without alloying elements: a) SEM image; 
b) diagram of detected elements with chemical analysis in mass percentages [7] 


inclusions formed in the sample are mainly 
the inclusion of manganese sulphides 
(point 1 in SEM, diagram 2b). 


Figure 2 shows the spotted analysis of 
sample inclusions without alloying 
elements. Based on the analysis of the 
below diagram, it can be concluded that the 


SEM 


Cc) d) 
Figure 3. Mapping a sample with the addition of zirconium: a) SEM image; 
b) - d) Zr, Mn, and S elements [7] 


Figure 3 is shown a mapping of the 
inclusions of the sample with the addition 
of zirconium. It is clear from the picture 


that the inclusions from the SEM image 
(Figure 3a) are almost identical to those in 
the images showing the position of the 
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manganese and sulphur (Figures 3c and 
3d). Also, based on the comparison of the 
SEM image with an image indicating the 
zirconium distribution, it can be concluded 
that the zirconium is at its maximum in 
two different locations within the two 
different inclusion (Figure 3b). 

Figure 4 shows the spotted analysis of 
individual inclusions of the sample with 
the addition of zirconium. Based on the 
analysis of the below diagrams, it can be 
concluded that the shown inclusion is a 
complex inclusion, which, in addition to 


manganese sulphide, contains other 
elements, in this case, zirconium and 
oxygen (point 1 and diagram 4b), which are 
probably formed in part by zirconium 
oxide. The tendency of zirconium to form 
inclusions (Zr, Mn)S in zirconium steels, 
which have a_ similar color and 
morphology to that of manganese 


sulphide, can be observed by looking at 
point 4 in the SEM figure and diagram 4c, 
which is also confirmed in the reference 


[8]. 


Elt. Conc 
wt.% 
O 0.363 
S$ 20.407 
Cr 19.201 
Mn 22.328 
Fe 18.082 
Ni 2.334 
Zr 10.877 
Mo 6.407 


Cursore2 65keV dem ID=Wib2 Ptin Hgtal 


ext=7614 Window 0.005. 4).955= 144110 ent 


b) 


O16 Mahnutovic yz 1423-4 


Elt. Cone 

wt.% 

O 3.953 

Ti 0.844 

Cr 3.863 

=, Ma Mn 4.506 
F Fe 2.562 
Fe Zr 84.272 


‘urcor=3.725 keV Sent ID=U mln Rame InibS Cd tgt In th2 Cakt2 Frmd Sn thd 
ert=5023 Window 0.005 - 40.955= 173775 ent 


c) 


Figure 4. Spot analysis of the inclusion of the sample with the addition of zirconium: a) SEM 
image; b) and c) diagrams of detected elements with chemical analysis in mass percentages 


Figure 5 shows mapping the inclusions of 
the sample with the addition of tellurium. 
It is clear from the picture that the 
inclusions from the SEM image (Figure 5a) 
are almost identical to those in the images 
showing the position of manganese and 
sulphur (Figures 5c and 5d). Also, based on 


[7] 


the comparison of the SEM image with the 
image indicating the tellurium 
distribution, it can be concluded that the 
tellurium is practically in all the inclusions 
shown in the SEM picture, mainly at their 
ends (Figure 5b). 
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c) 


d) 


Figure 5. Mapping a sample with the addition of tellurium: a) SEM image; 
b) - d) Te, Mn, and S elements [7] 


Figure 6 shows a spot analysis of the 
inclusions of the sample with the addition 
of tellurium. Based on the content of 
individual elements in the below 
diagrams, it can be concluded that the 


~~ 


MnTe,Sa-x) 


(Fe,Mn)S 


13kx 


Fy 


displayed larger inclusion is complex 
inclusion, which, in addition to manganese 
sulphide (point 2), contains other elements, 
in this case, tellurium (point 1, diagram 6b, 
as well as edge sections of the inclusions). 


0130 Mahnutovic wz 1146-3 - 1 
Elt. Cone 
wt.% 
OO 0.283 
5 2.643 
Ce Cr 23.709 
Mn 5.277 
Fe 11.728 
Ni 1.443 
pr M 
: O 1.264 
Map T€ 53.653 
MoMnNi S mz 
MoMnNi ig * Ni Ni 
SMoTe Ti} Mn Fe Ni Ni 
u T 
6 g 
ursor=6.905 keV 22 cnt ID = Erla2 Ndlg3 Co ke2 Pmigl Nd lg? Co kal 
ert=3320 Window 0.005-40.955= 156004 cnt 


b) 


Figure 6. Spot analysis of the inclusion of the sample with the addition of tellurium: a) SEM 
image; b) diagram of detected elements with chemical analysis in mass percentages [7] 
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Figure 7 shows a mapping where each of 
the elements represented by the mapping 
is in relation to the SEM image (Figure 7a), 
which shows the inclusions of the sample 
with the addition of zirconium and 
tellurium. 

On the basis of the image can be concluded 
that the positions of the manganese and 
sulphur virtually overlap (Figures 7b and 
7c), which tells us that the displayed 


inclusion is basically the inclusion of 
manganese sulphide. Also, by comparing 
the SEM image with images showing the 
positions of zirconium and tellurium, it 
can be concluded that zirconium is largely 
the basis of the inclusions, at least in its 
central part (Figure 7d), while the tellurium 
is mostly located on the edge of inclusion 
(Figure 7e). 


d) 
Figure 7. Mapping a sample with the addition of zirconium and tellurium: a) SEM image; 
b) - e) Mn, S, Fe, Zr and Te elements [7] 


e) 
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Figure 8 shows a spot analysis of the 
inclusions of the sample with the addition 
of zirconium and tellurium. Based on the 
content of individual elements in the 
below diagrams, it can be concluded that 
the displayed larger inclusion is complex 
inclusion, which, in addition to manganese 
sulphide (point 3), contains other elements, 
in this case, tellurium (point 1, diagram 9b, 


as well as edge sections of the inclusion), 
and zirconium (point 2, diagram 8c, as well 
as central sections of the inclusion). The 
tendency of zirconium to form inclusions 
(Zr, Mn)S, which have a similar color and 
morphology to that of manganese 
sulphide, can be observed by looking at 
point 1 in the SEM figure and diagram 8b. 


0133 Mahnutovie vz 1154-3 -2 


0137 Mahnutovic vz 1154-3 -1 
Br 


2: 4. 6. 8. 
‘ursor=7.005 ke¥ 33 ent ID= Tb tbl 
ert=1476 Window 0.005 - 40.955= 90003 ent 


j Elt. Conc 
wt.% 
oO 2.340 
Cr 8.091 
Mn 1.116 
Fe 17.472 


Zr TeNi 


2 4. 6 8. 
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Figure 8. Spot analysis of inclusion of the sample with addition of Zr and Te: a) SEM image; 
b) and c) diagrams of detected elements with chemical analysis in mass percentages [7] 


3. CONCLUSIONS 

After all the tests performed, it is possible to 

draw the following conclusions: 

e The melt microalloyed with zirconium 
has slightly worse machinability, but 
melt microalloyed with tellurium and 
especially melt microalloyed with 
zirconium and tellurium has 


significantly better machinability 
compared to the melt without alloying 
elements. 


e The melt microalloyed with tellurium 
has a significantly worse corrosion 


rate, but melt microalloyed with 
zirconium and tellurium and especially 
melt microalloyed with zirconium has 
significantly better corrosion rate 
compared to the melt without alloying 
elements. 

e All values of tensile properties (tensile 
strength, conventional yield strength, 
elongation, and reduction) are within 
the limits prescribed by the relevant 
standard for the material specified. 

e The basic types of inclusions in this 
steel are manganese sulphides. They 
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can be modified by the addition of 
zirconium and tellurium, and on one 
side they will provide good 
machinability and, on the other hand, 
will not adversely affect the properties 
of austenitic stainless steel X8CrNiS18- 
9. 
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ABSTRACT 


Gallic acid is a phenolic acid widely spread in various plants, where it is present either in free form 
or as part of tannins, called gallotannins. It shows several positive effects on human health. It has 
different biological effects: antibacterial, antiviral, anti-inflammatory. Many scientists are showing 
great interest in gallic acid precisely because of its antitumor effect. The content of gallic acid was 
determined in (Rubus idaeus L.) Polka raspberry by applying reverse-phase high-resolution liquid 
chromatography on reverse phases on Shimadzu Prominence Modular HPLC with UV/Vis detector, 
mobile phase degasser, pump, autosampler and column oven. The analysis was performed in 
ethanolic extracts of Polka raspberry flower obtained by the Soxhlet extraction and the ultrasonic 
methods. Raspberry flowers (Rubus idaeus L.) Polka varieties were collected from two different 
localities in Bosnia and Herzegovina, namely: Starposle near Kakanj and MoSevac near Maglaj. Gallic 
acid was determined in all analyzed samples of Polka raspberry. The highest gallic acid content was 
determined in the extract of Polka raspberry flower from the Maglaj-MoSevac site, using the 
ultrasonic method (0.1789%), and the smallest in the Polka raspberry flower from the Kakanj- 
Starposle site, using Soxhlet extraction (0.0995%). The proportion of gallic acid was higher in the 
extract of Polka raspberry flower from the Maglaj-MoSevac site, which suggests that these flowers of 
Polka variety are recommended as better natural sources of this phenolic acid and that ultrasonic 
extraction has proven to be a more efficient method for extraction of gallic acid in ethanolic extracts, 
which is the goal of research. 
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1. INTRODUCTION to most literature data, one of the most 


Phenolic acids are secondary metabolites of 
plants, including hydroxybenzoic and 
hydroxycinnamic acids. Gallic, vanillic, p- 
hydroxybenzoic acid are among the 
Hydroxybenzoic acids [1]. 

Gallic acid participates in the formation of 
hydrolyzing gallotannins, and its 
condensation produces dimer - ellagic acid, 
which is also part of ellagitannin. According 


significant compounds from the class of 
polyphenols in raspberry fruit is ellagic acid 
and ellagitannins. [2]. 

Raspberry is a_ perennial, shrubby, 
deciduous plant from the family Rosaceae of 
the genus Aubus. It consists of aboveground 
(leaf, flower, seed, and fruit) and 
underground (root) organs. Polka Raspberry 
is one of the best varieties of raspberries. It 
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is a permanent raspberry, a newer raspberry 
variety originating from Poland, created by 
the crossing of varieties: Autumn Bliss, 
Lloyd George and Rubus crataegifolius, 
introduced in 2001 and entered in the official 
registers in 2003. Raspberry belongs to the 
group of berries and is a natural source of 
bioactive compounds that benefit human 
health. It is rich in compounds such as 
vitamins, minerals and is one of the richest 
sources of natural antioxidant compounds 
such as polyphenols [3]. 

Gallic acid (3, 4, 5-Trihydroxybenzoic acid) is 
one of the best-known representatives of 
phenolic compounds commonly used to 
express the mass fraction of total phenols or 
phenolic subgroups in plant extracts. The 
most significant sources of gallic acid are 
apples, olive oil, walnuts, tea, citrus fruits. 
Gallic acid is a planar molecule consisting of 
an aromatic ring, three phenolic hydroxyl 
groups, and a carboxylic acid group. The 
hydroxyl groups are attached to the 
aromatic ring in orthoposition to each other. 
There are four isomers of gallic acid that 
differ from each other in the position of the 
hydroxyl groups. Antioxidant and 
antiradical activity is influenced by the 
number and position of hydroxyl groups, 
other functional groups’ presence, and their 
position in hydroxyl groups. The 
antioxidant activity of molecule increases 
with an increasing number of hydroxyl 
groups attached to the aromatic ring, so 
many studies have shown that gallic acid 
shows the most significant antiradical 
effect among many polyphenols [4]. Gallic 
acid affects the bioavailability of certain 
vital minerals, such as iron, zinc, and 
calcium, creating insoluble complexes. Iron 
is one of the most abundant transition 
metals among the various metal ions in the 
human body. Its binding to polyphenols 
(gallic acid) leads to reduced iron absorption, 
leading to a deficiency of this mineral. [4]. 
Many scientists are showing great interest 
in gallic acid precisely because of its 
antitumor effect [5]. Esterification of 
hydroxyl groups of gallic acid makes it 
possible to obtain esters with numerous 
analogues and _ extremely — significant 
pharmacological advantages [6]. 


2. EXPERIMENTAL PART 

Raspberry flowers (Rubus idaeus L.) were 
collected from two different sites in Bosnia 
and Herzegovina, namely Starposle near 
Kakanj and MoSevac near Maglaj. The 
difference between these two sites is the 
altitude. MoSevac near Maglaj is located at 
an altitude of 169 meters, and Starposle near 
Kakanj at 470 meters. These two sites are far 
from industrial plants. 


2.1. Obtaining extracts and samples of 
raspberry flower for HPLC analysis 
Dried raspberry leaves were ground in a 
blender, and as such, used in the Soxhlet 
apparatus. Ethanol was used as the solvent. 
The extraction lasted for six hours, after 
which the obtained extract was evaporated 
to dryness. The extracts obtained in this 
way were stored in dark bottles in a 
refrigerator at a temperature of +4 °C. The 
obtained extract samples were of resinous 
consistency, well soluble in ethanol. 
Extractions were also performed in the 
ultrasonic bath under defined conditions: 
frequency (20-40 kHz), power (250-500 W), 
temperature (40°C), and extraction time (30 
min) [7]. Ethanol was used as the solvent. 
After treatment, the extracts were filtered 
and evaporated to dryness. The extracts 
obtained in this way were stored in dark 
bottles in a refrigerator at a temperature of 
+4 °C, 
The fact that plants contain several 
thousand secondary metabolites creates a 
need to develop fast and precise extraction 
methods. 
Dry flower extracts (about 0.5 g), obtained by 
Soxhlet extraction and ultrasonic method, 
were dissolved in 50% methanol in an 
ultrasonic bath. Then filtered to remove 
impurities and transferred to vials. The 
content of total phenols was determined 
spectrophotometrically, on the 
PerkinElmer, Lambda 650, UV - VIS 
spectrophotometer device, by the Folin- 
Ciocalteu method. 


2.2. Galic acid analysis using RP-HPLC- 
UV/Vis technique 

Gallic acid analysis of Polka raspberry 

flower extracts from two different sites was 

performed by high-performance liquid 
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chromatography on reversed phases on 
Shimadzu Prominence Modular HPLC with 
UV/Vis detector, mobile phase degasser, 
pump, autosampler, and column oven. 
Analysis of gallic acid was performed on a 
Nucleosil C18 column (250 mm x 4.6 mm, 
particle size 5 ym; Macherey-Nagel). 

As the mobile phase, a solvent system was 
used: A (1% formic acid) and B (acetonitrile) 
at a flow rate of 1 ml/min and using the 
following linear gradient: 0-10 min from 10 
to 25% A; 10-20 min linear rise to 60% A, 20- 
30 min linear rise to 70% A. The column was 
balanced to initial conditions, 10% A, 10 min 
with an additional 5 min for stabilization [2]. 


The gallic acid standard was dissolved in 
50% methanol. 

Chromatograms were recorded at 280 nm 
for hydroxybenzoic acid derivatives (gallic). 
Based on the obtained chromatograms and 
the calibration diagram of the standard 
gallic acid solution, the gallic acid contents 
in the extracts (%) were calculated [2]. 

The gallic acid standard of different 
concentrations shown in Tables 1 [2] and [7] 
was used for HPLC analysis. The calibration 
curve of the analyzed gallic acid standard 
solution is shown in Figure 1. 


Table 1 Standard solution of gallic acid of different concentrations for HPLC analysis 


Concentration 1 


Standard solution 


Concentration 2, Concentration 3, 


(ug/mL) (ug/mL) (ug/mL) 
Gallic acid 52.5 105 420 
y = 606090x 
300000,00 - R2 = 0,8927 
= 
= 250000,00 + A 
XY 
s 
S 200000,00 - 
S 
Sj 
= 150000,00 - 
100000,00 + o 
50000,00 + ° 
0,00 T T T T 1 
0,0000 0,1000 0,2000 0,3000 0,4000 0,5000 
Concentration, g/L 


Figure 1. Calibration curve for gallic acid 


3. RESULTS AND DISCUSSION 

Ultrasonic extraction proved to be a better 
and more cost-effective technique than 
Soxhlet extraction for Polka raspberry 
flower extraction. Extracts of Polka 
raspberry flower obtained by ultrasonic 
extraction showed a significantly higher 
total phenol content than extracts obtained 
using Soxhlet extraction, as shown in Table 
2. Based on these results, it is safe to say that 
ultrasonic extraction leads to a higher yield 


of phenolic compounds in a shorter time, 
reducing energy consumption and phenol 
degradation. 

The HPLC method was used to determine 
the concentration of gallic acid in the tested 
extracts of Polka raspberry flower. The 
results of HPLC analyzes of these extracts 
are shown in Table 3. Figures 2 - 5 show 
HPLC chromatograms for gallic acid 
detected in Polka raspberry flower extracts. 
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Based on the results of spectrometric and e Maglaj Polka raspberry in relation 
HPLC analyzes, it can be concluded that the to the Kakanj Polka raspberry, 
content of total phenols and gallic acid is e by ultrasound extraction in relation 
much higher in all samples of: to Soxhlet extraction. 


Table 2. Content of total phenols in Polka raspberry flowers extracts obtained by methods 
Soxhlet and ultrasonic extractions 


A Aa As A A2 As 
Sample 
mg/mL mg/g extract 
SCPM 0.4673 0.4211 0.3827 105.88 94.44 84.91 
SCPK 0.6817 0.6949 0.6397 63.60 64.91 59.44 
UCPM 0.6824 0.6476 0.5939 159.17 150.55 137.24 
UCPK 0.6482 0.6242 0.6234 150.69 144.75 144.55 


SCPM - flower Polka Maglaj— Soxhlet; SCPK - flower Polka Kakanj —- Soxhlet; UCPM — flower Polka Maglaj — 
ultrasonic; UCPK- flower Polka Kakanj — ultrasonic; Ai, A2,A3- measured values of concentrations for replica samples 


Table 3. Results of HPLC analysis of gallic acid in Polka raspberry flower extracts obtained by 
Soxhlet and ultrasonic extractions 


GALLIC ACID 
Sample Mass sample, g Content, % 
SCPM 0.5033 0.1526 
SCPK 0.5040 0.0995 
UCPM 0.5064 0.1730 
UCPK 0.5056 0.1163 
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Figure 2. HPLC chromatograms of Maglaj Polka flower - Soxhlet extraction 
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Figure 3. HPLC chromatograms of Kakanj Polka flower - Soxhlet extraction 
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Figure 4. HPLC chromatograms of Maglaj Polka flower - ultrasonic extraction 
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Figure 5. HPLC chromatograms of Kakanj Polka flower - ultrasonic extraction 


4. CONCLUSIONS 

Gallic acid was determined in all analyzed 
samples of Polka raspberry. The highest gallic 
acid content was determined in the extract of 
Polka raspberry flower from the Maglaj- 
MoSevac site, using the ultrasonic method 
(0.1789%), and the smallest in the Polka 
raspberry flower from the Kakanj-Starposle 
site, using Soxhlet extraction (0.0995%). The 
proportion of gallic acid was higher in the 
extract of Polka raspberry flower from the 
Maglaj-MoSevac site, using the ultrasonic 
method, which suggests that these flowers of 
Polka variety are recommended as better 
natural sources of this phenolic acid. 
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ABSTRACT 


Aluminium and its alloys have excellent corrosion resistance. When aluminium is exposed to the 
atmosphere, a thin invisible oxide Al.O3 is formed, protecting the metal from further oxidation. 
Compared to pure metals, alloys can have higher corrosion resistance depending on the content of 
certain alloying elements. Various substances such as organic or inorganic inhibitors can affect the 
corrosion of aluminium alloys and thus slow down the degradation of the material. In this paper, we 
studied the inhibitory effect of potassium dichromate on the corrosion processes of aluminium alloy. 
All measurements were performed in 0.5 M sodium chloride solution with the addition of different 
concentrations of inhibitors. The methods used were potentiodynamic polarization, cyclic 


voltammetry, and chronoamperometry. 
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1. INTRODUCTION 

Aluminium alloys have excellent 
mechanical properties: high strength and 
lower mass compared to the castings of 
other metals. They also possess good 
weldability, corrosion resistance, wear 
resistance, and machinability. Most 
aluminium alloys, in addition to the basic 
alloying element such as silicon, contain 
other alloying and trace _ elements, 
intentionally added to improve properties. 
Iron is one of the significant supporting 
influential elements increasing resistance 
to hot cracks. Nevertheless, the increase in 
iron content results in a decrease in 
elongation and toughness. Various 
substances such as organic or inorganic 
inhibitors can affect the corrosion of 
aluminium alloys and thus slow down the 
degradation of the material. The paper 


presents the influence of an inorganic 
inhibitor on the corrosion properties of AlFe 
alloy. 


2. EXPERIMENTAL PROCEDURE 

Electrochemical measurements were 
performed on a _ 263A _potentiostat/ 
galvanostat and a Princeton Applied 
Research Lock - In 5210 amplifier with 
PowerCV software. The measurements 
were performed in a_ three-electrode 
electrochemical cell consisting of a 
saturated Ag/AgCl electrode used as a 
reference electrode, a Pt electrode as a 
counter electrode, and an AlFe alloy as a 
working electrode. The labels AlFe 1.2, AlFe 
1.5, AlFe 1.9 indicate different iron content in 
the alloy. The methods used were 
potentiodynamic polarization, cyclic 
voltammetry, and chronoamperometry. A 
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0.5 molar solution of sodium chloride was 
used as the electrolyte. The method of linear 
polarization, le. determination of 
polarization resistance is based on 
potentiodynamic polarization, but in this 
case, it is polarized in a narrower potential 
range, than the open circuit potential about 
the reference electrode with a scanning 
speed of 1 mV/s. Corrosion kinetic 
parameters such as corrosion potential 
(Econ), COIrOSion current density (cor), and 
Tafel constants (Banoaic ANG Bcathode) Were 
calculated using software installed on the 
instrument. The cyclic voltammetry 
method was used to examine the effect of 
different concentrations of inhibitors on the 
material, as well as to examine the diffusion 
processes between the electrolyte and the 
film on the electrode surface. All cyclic 
voltammetry measurements were 
performed in 0.5 molar sodium chloride 
solution and at a different potential range 
for each alloy with a scan rate of 50 mV/s. 
Also, the effect of different scanning speeds 
from 10 mV/s to 90 mV/s was examined by 
the cyclic voltammetry method. The 
chronoamperometric technique was used to 
determine the kinetic parameters at a 
constant potential of 0.65 V imposed on the 
working electrode, as well as at a constant 


0.0} 


Potential (V) 


stirring of 400 r/min. The reaction was 
observed in the absence and with the 
presence of different concentrations of 
potassium dichromate (K2Cr,07) 0.000045 
mol/L, 0.00012 mol/L, and 0.0002 mol/L. 


3. RESULTS AND DISCUSSION 

The diagrams of  potentiodynamic 
measurements of AlFe alloys are shown in 
Figure 1 in 0.5 M sodium chloride solution 
and at a scan rate of 0.166 mV/s. For AlFe 1.2 
alloy, the range of recorded potential was 
from -2.0 V to 0.0 V, and for AlFe 1.5 and AlFe 
1.9 alloys, it was the same potential range 
from -1.0 V to 1 V. For all three alloys 
different corrosion potential in the anode 
range was obtained, which indicates that 
the anodic passivity of the metal has 
occurred. Also, in Figure 1 can be seen that 
in the alloys AlFel.5 and AlFe 1.9 passive 
segment occurs, while this process is not 
present in the alloy with lower iron content. 
In the case of AlFe 1.2, diffusion and 
corrosion processes take place unhindered 
in the corrosive environment. Figure 2 
shows the effect of different concentrations 
of K2Cr.07 inhibitors on AlFe 1.2 alloy in 0.5 
M sodium chloride solution, at a scan rate of 
0.166 mV/s. 
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Figure 1. Tafel plots of — AlFe alloy 1.2; —AlFe alloy 1.5; —AlFe 1.9 alloy; 
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Figure 2. Tafel plots of AlFe alloys 1.2, — 0 mol/L; — 0.000045 mol/L;—0.00012 mol/L; —0.0002 
mol/L 


It can be concluded that all concentrations 
of potassium dichromate lead to corrosion 
inhibition of the alloys, and a lower value of 
the corrosion potential compared to the 
alloy without inhibitors. Figure 2 shows that 
at all used concentrations of inhibitors there 
is an occurrence of a passive process on the 
AlFe 1.2 alloy at potential — 0,7 V. 

Loto et al. investigated the inhibitory effect 
of potassium dichromate on _ steel 
reinforcement, where they obtained an 
active potential of about -600 mV, passive at 
about -350 mV. In contrast to the values of 
active and passive potentials in this paper 
for AlFe 1.2 alloy, there is a difference in 


06 


07 


potentials because steel does not allow 
undisturbed diffusion of chloride ions [1]. 
Figure 3 shows the polarization curves of 
AlFe 1.5 alloy in 0.5 M sodium chloride 
solution at a scan rate of 0.166 mV/s, without 
and with the presence of different 
concentrations of potassium dichromate 
inhibitors. 

Figure 4 shows the polarization curves of 
AlFe 1.9 alloy in 0.5 M sodium chloride 
solution, at a scan rate of 0.166 mV/s, 
without and with the presence of different 
concentrations of potassium dichromate 
inhibitors. 


14 
0.00000001 0.0000001 0.000001 


0.00001 0.0001 0.001 0.01 


Alemn’2 


Figure 3. Tafel plots of AlFe 1.5,— 0 mol/L; — 0.000045 mol/L;—0.00012 mol/L; —0.0002 mol/L; 
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Figure 4. Tafel plots of AlFe 1.9, — 0 mol/L; — 0.000045 mol/L;—0.00012 mol/L; —0.0002 mol/L; 


Figures 3 and 4 show the inhibitory effect 
without and in the presence of potassium 
dichromate on AlFe 1.5 and AlFe 1.9 alloys. 
As shown in the figures, the corrosion 
potentials for both alloys are about -0.9 V, 
while the potential with different 
concentrations of inhibitors decreases. 
Tables 1-3 show the results of different 


alloys in 0.5 M sodium chloride solution 
without and with the presence of different 
concentrations of potassium dichromate. 
The correct dependence of the decrease in 
the corrosion current at different 
concentrations of potassium dichromate 
was observed in the AlFe 1.5 alloy (Table 2). 


Table 1. Results of the corrosion parameters of AlFe 1.2 alloy in 0.5 M sodium chloride solution 
without and with the presence of different concentrations of potassium dichromate 


Alloy [K2Cr207] (mol/L) E (mV) rl ee ee alae 
0 -784.54 1.013 142.77 75.88 
AlFe 12 0.000045 -1092.49 4.102 137.99 368.571 
0.00012 -1143.42 21.5 135.44 513.511 
0.0002 -1104.06 15.02 149.73 321.43 


Table 2. Results of corrosion parameters of AlFe 1.5 alloy in 0.5 M solution of sodium chloride 
without and with the presence of different concentrations of potassium dichromate 


[K2Cr207] Icorr K A 
auey (mol/L) Eqn) (pAcm?) yes araess 
0 -963.770 3.830 125.72 262.62 
AlFe 15 0.000045 -954.93 3.718 160.149 229.66 
0.00012 -990.01 2.65 189.10 203.84 
0.0002 -995.11 2.132 205.63 277.73 


Table 3. Results of corrosion parameters of AlFe 1.9 alloy in 0.5 M sodium chloride solution 
without and with the presence of different concentrations of potassium dichromate 


[K2Cr207] Tcorr K A 
Alley (mol/L) pay) (pAcm”?) ms tees 
0 -937.881 6.76 140.030 240.09 
AlFe 19 0.000045 -989.85 2.127 192.53 192.53 
0.00012 -1021.45 9.41 140.55 251.96 
0.0002 -1014.50 5.76 123.81 274.77 
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Figure 5. Cyclic voltammogram of AlFe 1.2 alloy; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; 
— 70 mV/s; —90 mV/s 


Unlike AlFe 1.2 alloy without inhibitors, 
AlFe 1.5 and AlFe 1.9 alloys have a passive 
process in the anode polarization region. 
Figures 3 and 4 show the reaction of 
oxidation of aluminium and reduction of 
chromate to Cr (III) on the surface of the 
alloy. Chromate ions on the surface of the 
alloy prevent corrosion processes in the 
chloride medium by affecting and changing 
the kinetics of the solution and the alloy. 
Chromates are very soluble, so due to this 
property, they are adsorbed on the surface of 
the alloy, not allowing the electrolyte to 
diffusely penetrate the pores of the alloy and 
cause any form of corrosion. Zhao et al. 
suggest that chromates had an inhibitory 
effect on Al alloy 2024-T3, and only high 
concentrations of chromates change the 
kinetic and corrosion processes [2]. 

For determining the pitting potential and 
growth of the separated oxidized and 
reduced peaks, the cyclic voltammetry 
method was used. Cyclic voltammetry was 
also used for studying various redox 
processes, to determine the stability of 


reaction products, electron transfer kinetics, 
etc. [3]. In Figures, 5-7 different cycles for 
the tested alloys at scanning speeds of 10 
mV/s, 30 mV/s, 50 mV/s, 70 mV/s, and 90 
mV/s in 0.5 M sodium chloride solution can 
be seen. As the scanning speed increases, so 
does the separation peaks. The current 
density increases from the corrosion 
potential and changes the sign in the anode 
peak in all diagrams. At the anode tip, an 
oxide film may have formed on the alloys as 
a corrosion product. When the surface of the 
alloy is completely covered with an oxide 
passive film, a sudden drop in the anode 
current occurs, which indicates the process 
of passivation. In Figure 5 for the AlFe 1.2 
alloy can be seen that the Epitt is almost the 
same for all scan speeds and is about -0.83 
V, while for the other alloys it had an 
approximate potential value. Studies 
performed by Pandiarajan et al. also 
indicated a sharp drop in anode current 
during precipitation of passive film oxide on 
steel and in 3.5% sodium chloride solution 
[4]. 
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Figure 6. Cyclic voltammogram of AlFe 1.5 alloy; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; 
— 70 mV/s; —90 mV/s; 
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Figure 7. Cyclic voltammogram of AlFe 1.9 alloy; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; 
— 70 mV/s; —90 mV/s; 


In addition to Tafel diagrams, redox 
processes that occur in the presence of 
different concentrations of potassium 
dichromate inhibitors by cyclic 
voltammetry were examined, Figures 8-16. 
With AlFe 1.2 alloy and the lowest inhibitor 
concentration, the anode peak is the most 
pronounced, and passivation occurs at all 
scan speeds to about -0.78 V. At higher 
inhibitor concentrations, Figure 8 and 
Figure 11 show that the potential shifts 
toward more positive values. Figure 9 (AlFe 
1.5 alloy) shows that Epitt is about -0.53 V at 
a scanning speed of 10 mV/s. At the same 
scan rate and the same _ inhibitor 
concentration of 0.000045 mol/L Epitt in Al 
Fe 1.2 alloy is about -0.6 V, which indicates 
that the inhibitor has more influence on the 


kinetics and rate of formation of passive 
oxide films on the alloy surface. Chloride 
ions participate in the re-passivation 
process of all tested alloys, which can be 
removed by the diffusion process [5]. As the 
concentration of dichromates increases, the 
transfer of electrons from the electrolyte 
and the surface of the alloys slows down in 
all alloys. Increasing the scanning speed 
leads to a slow formation of the corrosion 
product, which leads to a shift of the 
potential towards more positive values 
(Deyab and Keer) [6]. This trend occurs due 
to the short incubation time [7]. At higher 
scanning speeds, pitting initiation can only 
be observed at a higher noble potential, 
which corresponds to a short incubation 
time. The incubation time to initiate 
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passivity is caused by the time it takes for 
chloride ions to destroy the passive layer 
and adsorb to the alloy surface. In all alloys, 
increasing the concentration of inhibitors 
leads to a linear dependence and a decrease 
in the formation of corrosion products. The 
chromate ions formed on the surface of the 
alloys lead to less solubility of corrosion 
products and thus protect the alloys [8,9]. 
Chromates are anodic inhibitors that protect 
the material from the _ corrosive 
environment and thus the formation of a 
passive film, prevent the cracking of the 
passive oxide film leading to uniform 
corrosion. 


Current (Am) 


Potassium chromates can also act as 
cathodic inhibitors by accelerating the 
cathodic reaction that produces a catalytic 
process that leads to the evolution of 
hydrogen. In addition to the evolution of 
hydrogen, they should lead to a reduction of 
chromate ions to the trivalent state CrO;* 
absorbed on the metal surface, while the 
tetravalent state CrO,* acts as a mediator 
between the metal surface and the corrosive 
medium, as described by Afolabi [10], and 
shown by reactions: 


CrO,? + 2e = CrO,* (1) 
CrO,* +2H20 = CrO,? +H2+20H (2) 


Potential (V) 


Figure 8. Cyclic voltammogram of AlFe 1.2 in the presence of inhibitors of concentration 
0.000045 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 mV/s 
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Figure 9. Cyclic voltammogram of AlFe 1.5 in the presence of inhibitors of concentration 
0.000045 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 mV/s 
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Figure 10. Cyclic voltammogram of AlFe 1.9 alloy in the presence of inhibitors of 


concentration 0.000045 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 


mV/s 
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Figure 11. Cyclic voltammogram of AlFe 1.2 alloy in the presence of inhibitors of 


concentration 0.00012 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 


mV/s 
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Figure 12. Cyclic voltammogram of AlFe 1.5 alloy in the presence of inhibitors of 


concentration 0.00012 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 


mV/s 
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Figure 13. Cyclic voltammogram of AlFe 1.9 alloy in the presence of inhibitors of 
concentration 0.00012 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 
mV/s 
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Figure 14. Cyclic voltammogram of AlFe 1.2 alloy in the presence of inhibitors of 
concentration 0.0002 mol/L; scan rate:— 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 
mV/s 
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Figure 15. Cyclic voltammogram of AlFe 1.5 alloy in the presence of inhibitors of 
concentration 0.0002 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 


mV/s 
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Figure 16. Cyclic voltammogram of AlFe 1.9 alloy in the presence of inhibitors of 
concentration 0.0002 mol/L; scan rate: — 10 mV/s; —30 mV/s;—50 mV/s; — 70 mV/s; —90 


mV/s 
The mass transport, controlled by diffusion iron ions. In the research, small current 
in the time interval and under the influence values were obtained by the 
of chloride ions, by the chronoamperometry chronoamperometric method, which 
method, was monitored, Figures 17 -— 19. indicates the compactness of the film on the 
From the Figures, can be seen that oxidation surface area of the alloys. Scendo and 
processes occur briefly, and reduction Uznanska were recorded higher current 
processes occur somewhat longer on the values because they investigated the 
alloy surfaces. Electron transport between inhibitory effect of Cu — alloy in an acidic 
the electrolyte and the surface area of AlFe medium, and a linear dependence when 


1.5 and AlFe 1.9 alloys takes slightly longer increasing the inhibitor concentration [11]. 
than in AlFe 1.2 alloy due to the solubility of 
the oxide film and the different content of 
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Figure 17. Chronoamperogram of Al-Fe alloy 1.2. alloys in 0.5 M sodium chloride solution 
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Figure 18. Chronoamperogram of Al-Fe 1.5 alloy in 0.5 M sodium chloride solution 
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Figure 19. Chronoamperogram of AlFe 1.9 alloy in 0.5 M sodium chloride solution 


4. CONCLUSIONS 

Investigation of the effect of potassium 
dichromate on AlFe alloy by 
electrochemical methods showed an 
inhibitory effect. The formation of passivity 
depends on the chloride ions adsorbed on 
the surface of the alloys. The presence of 
potassium dichromate with chloride ions 
has an inhibitory effect and leads to the 
active dissolution of corrosion products. 
Also, in the presence of chromate ions, the 
potential shifts to more positive values. 
Cr(III) that occurs on the surface of alloys 
prevents the local corrosion, and an 
inorganic inhibitor such as potassium 
dichromate can be used in the process of 
alloys protecting. 
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ABSTRACT 


Some specific aspects in the state of art regarding the improvements related to I-beams and 
parallel flanged I-beams production are presented in this paper. One practical solution in the 
variety of the conversions of the classical to the universal rolling stands is described in some 
more detail, as well as an overview of the latest improvements in I-beams and parallel flanged 
I-beams production in the world. So-called INP I-beams have tapered flanges v.s. parallel 
flanges concerned with parallel flanged I-beams, which are very difficult to be produced on 
classical rolling mills stands, but much easier and better to be produced on so-called universal 
rolling stands. Since the universal stands are expensive and are very difficult to fix at the 
existing rolling mills with classical rolling stands, then a conversion of classical to the 
universal rolling mills stands is the cheapest satisfactory solution. In a short overview are as 
well presented state of art technological improvements in parallel flanged I-beams production. 
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1. INTRODUCTION 

I-beams production started about 3 centuries 
ago and will last forever. Rolling of I-beams 
can be performed at the classical rolling 
mills, but nowadays for the parallel flanged 
I-beams is necessary to have the universal 
rolling stands, or to make a conversion of the 
classical rolling stands to the universal ones. 
For rolling of long and extra-long web I- 
beams is a new technique needed or welding 
technique for the production of the am. I- 
beams and long as well extra-long both, web 
and flanges. I-beams are commonly made of 
structural steel but may also be formed from 
aluminium or other materials, although in 
this paper, only  steel-made _ I-beams 
technologies will be treated. A common type 
of I-beam is rolled steel joist (RSJ or INP, 


namely I-beam normal type, as it is common 
from German practice and_ standards). 
American, British and European standards 
also specify Universal Beams (UBs) and 
Universal Columns (UCs). These sections 
have parallel flanges, as opposed to the 
varying thickness of RSJ-INP flanges. 
Parallel flanges are easier to connect to and 
do away with the need for tapering washers. 
UCs have equal or near-equal width and 
depth and are more suited to being oriented 
vertically to carry axial load, while UBs are 
significantly deeper than they are wide, and 
are more suited to carrying a bending load. 


The improvements in this field are achieved 
in Japan, and so rolled I-beams (at the end of 
1990-ies) are called NSHYPER BEAMS, but 
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according to the latest achievements, the 
longest web rolled I-beams (in 2019-2020) are 
called MEGA NSHYPER BEAMS. 


2. CLASSICAL ROLLING COMPARED TO 
THE IMPROVEMENTS RELATED TO 
THE I-BEAMS ROLLING 

The following standards define the shape 

and tolerances of I-beam steel sections: 

DIN 1025 [1] is a DIN standard that defines the 

dimensions, masses, and sectional properties 

of hot rolled I-beams. The standard is divided 
into 5 parts: 


e DIN 1025-1: Hot rolled I-sections - Part 1: 
Narrow flange I-sections, I-series - 
Dimensions, masses, sectional properties 

e DIN 1025-2: Hot rolled I-beams - Part 2: 
Wide flange  I-beams, IPB-series; 
dimensions, masses, sectional properties 

e DIN 1025-3: Hot rolled I-beams; wide 
flange I-beams, light pattern, IPBl-series; 
dimensions, masses, sectional properties 

e DIN 1025-4: Hot rolled I-beams; wide 


flange I-beams heavy pattern, IPBv- 
series; dimensions, masses, sectional 
properties 


e DIN 1025-5: Hot rolled I-beams; medium 
flange I-beams, IPE-series; dimensions, 
masses, sectional properties 


Corresponding Euro-norms are: 
e EN 10024, Hot rolled taper flange I 


sections — Tolerances on shape and 
dimensions. 


WG 
ZN 
Oar 1, 
ani 


e EN 10034, Structural steel I and H 


sections — Tolerances on shape and 
dimensions. 

e EN 10162, Cold rolled steel sections — 
Technical delivery conditions —- 
Dimensional and cross-sectional 
tolerances 

Other: 


e ASTM A6, American Standard Beams [2] 

e BS 4-1, British Standard Beams [3] 

e AS/NZS 3679.1 - Australia and New 
Zealand standard [4] 

e JIS G 3353 Japan Standard [5] 


For rolling of parallel flanged I-beams is 
needed at least the finishing pass to be 
performed as the universal pass. Of course, if 
there are more universal passes, it is better. 
An example of it is a typical 14-passes roll 
pass design for rolling parallel flanged I- 
beams, presented in Fig. 1 [6]. 

The use of the universal stands is a great 
technological advance, but they are much 
more expensive, and it is difficult to 
incorporate them at the existing (layout) of 
the rolling mills, where classical roll pass 
designs are used, presented in Fig. 2 [7]. That 
is why a variety of the conversions of 
classical rolling stands to the universal ones 
is used to get at least one for the finishing 
pass, or more universal passes, presented in 
Fig. 3, 4, and 5. [all 8] 


Figure 1. Typical 14-passes roll pass design for rolling parallel flanged I-beams [6] 
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Figure 2. Typical 9-passes roll pass design for rolling INP or W (wide flange) I-beams with tapered 
flanges [7] 


Figure 3. One universal pass at two-high rolling stand [8] 
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Figure 5. Three universal passes at three-high rolling stand [8] 


Because of the difficulties to incorporate a 
massive and expensive universal stand, in 
an existing layout of the classical rolling 
mills, it is easier and less expensive to get 
one or more universal passes, presented in 
Fig. 3-5 [all 8]. That is why the 
improvements related to the parallel flanged 
I-beams and conversion of the classical to 
the universal rolling stands were taking so 
much time and effort [9], although especially 
in the developing countries, that process still 
takes place. From 1936 — 1990-ies there were 
8 registered patents [8] and now totals more 
than a dozen [10] in that field, and the first 
author of this article also had registered its 
patent application. That patent application is 
still pending. 

According to that, it is possible, under certain 
pre-conditions, to make a conversion of the 


classical two-high or three-high rolling 
stands to the universal ones, and accordingly 
to get the universal pass/es on them. That is 
shown in Fig. 3 (one universal pass at two- 
high rolling stand), Fig. 4 (two universal 
passes at three-high rolling stand), and Fig 5 
(three universal passes at three-high rolling 
stand). A certain part of the machinery 
needed for that conversion is presented in 
Fig. 6 [11] and it is specified accordingly. 

This technical solution presented in Fig. 6 
converting classical to the universal rolling 
stand with idle vertical rolls is concerned 
with a two-high classical rolling stand, 
having the ratio L/D>or at least equal to 
(almost 2) 1.8, where L is horizontal roll 
barrel length, and D is the diameter of the 
horizontal roll. 
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Figure 6. Certain part of the machinery needed for the conversion of the classical rolling stands 
to the universal ones [11] 


The equipment (a part of the machinery) 

needed for that conversion of a classical two- 

high rolling stands to the universal ones, 

according to the symbols in Fig. 6 is 

consisted of: 

Bearing beam 

Lower bearing segment for vertical rolls 

Upper bearing segment for vertical rolls 

Bedding and fixing of vertical rolls 

Bolt for fixing bearing segments 2 and 3 

Vertical roll (idle) 

Horizontal roll (driven) 

Inner support for bearing segments 2 and 

3 

9. Outer support for bearing segments 2 and 
3 

10. Base spacer plate 

11. Additional spacer plate 

12. Grips made of the shaped plate for 
holding the spacer plates 10 and Ul, as 
well as inner and outer supports 

13. Entry guide 

14. Delivery guide 


CONOARWNE 


3. THE LATEST IMPROVEMENTS 
RELATED TO THE ROLLING ON THE 
UNIVERSAL ROLLING STANDS AND 
PRODUCTION OF PARALLEL FLANGED 
I-BEAMS 

Nippon Steel Corporation at the Sakai mill- 

Wakayama Works has established a rolling 

process to manufacture steel beams with 

depth (web) of up to 1200 mm, which is about 

20% greater than its existing large-size 

beams, and, by expanding the range of 

structural H-shapes NSHYPER BEAM 
products, in particular by increasing the 
super large sizes using the new brand MEGA 

NSHYPER BEAM in April 2020. Both a.m. I- 

beams are presented in Fig.7 [12]. 

NSHYPER BEAM (1000mm in depth X 

400mm in width; left in Fig. 7) and MEGA 

NSHYPER BEAM (1200mm in depth X 

500mm in width; right in Fig. 7) both belong 

to the latest (new) type (patent protected) 

rolling technology, presented at Fig. 8 [12], 

from which is visible that beside vertical 
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(compression — good for metallurgical and 
mechanical properties) reduction (produced 
by horizontal rolls), there are horizontal 
(tension — good for a high spreading or 
elongation) spreading forces (produced by 
special horizontal-inclined rolls) and the 
a.m. rolls produce so-called forced spreading 
— skewed roll rolling mill — presented at 
bottom-right of Fig. 8 [12]. That is the 
explanation of how it is possible, according 


an 


Tit, phe 
anny. athe 


€ 


Flange water-cooling 
equipment 


to the latest technology, to produce a jumbo- 
web large I-beam (MEGA NSHYPER BEAM). 
Such a new (the latest) rolling technology is 
superior in comparison with new welding 
technology in I-beams production because 
the products (I-beams, but also any other 
rolled products in comparison with the 
same-similar welded products) are more 
reliable since there are no inhomogeneities 
in the material caused by welding. 


Depth: 1200mm 


| 
Figure 7. NSHYPER (1000X400mm)-left and MEGANSHYPER BEAM (1200x500 mm)-right [12] 


@Skewed roll rolling mill 


Figure 8. Simple presentation of the rolls positioning for rolling of MEGANSHYPER 
BEAM (1200x500 mm) [12] 
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Besides by rolling, parallel flanged I-beams 
can be produced by welding and it goes for 
the thin or light-weight type of I-beams 
(from thin plates), which is presented in Fig. 
9 [13]. Very similar technology is used for I- 
beams production of MEGA-JUMBO sizes in 
both, the web and flanges, but in that case, 
thick plates are used. These two technologies 
are very similar — almost the same ones, but 


the I-beams produced from thin plates are 
specified in the standards (since its 


production according to this technology 
started some decades ago) and MEGA- 
JUMBO I-beams produced by this technology 
is as well standardized, but also could be of a 
special type, for the bridges and special 
structures. 


Cut off press 


High-frequency 
resistance welding 
machine 


Figure 9. Simple presentation of High-frequency resistance welding technology for I- 
beams production [13] 


4. CONCLUSIONS 

Nippon Steel Corporation at the Sakai mill- 
Wakayama Works has established a rolling 
process to manufacture steel beams with 
depth (web) of up to 1200 mm, which is about 
20% greater than its existing large-size 
beams, and, by expanding the range of 
structural H-shapes NSHYPER BEAM 
products, in particular by increasing the 
super large web sizes using the new brand 
technology MEGA NSHYPER BEAM in April 
2020. That is the latest technology in I- 
beams rolling, comprising a combined use of 
the universal and forced-spreading passes 
on the special rolling stands (supplied by 
special horizontal-inclined rolls for forced- 
spreading). That invention is very important 
because rolled I-beams are better (more 
reliable) than welding-produced I-beams. 
The universal passes are necessary for the 
modern rolling of I-beams, and they can be 
provided by the universal rolling stands, but 
also by a conversion of the classical rolling 
stands to the universal ones. The use of the 


universal stands is a great technological 
advance, but they are very expensive, and it 
is difficult to incorporate them at the existing 
layout of the classical rolling mills, where 
classical roll pass designs are used. That is 
why a variety of the conversions of classical 
rolling stands to the universal ones is used, 
to get at least one for the finishing pass, or 
more universal passes. 

Welding technology is also a sort of modern 
technology to produce I-beams, especially of 
MEGA-JUMBO size, and the variant of high- 
frequency resistance welding technology for 
I-beams production is the state of art in the 
welding technologies for I-beams production. 
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